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Introduction
The sequestration of industrial carbon dioxide emissions into geologic formations is considered a viable strategy to mitigate the rise in atmospheric CO2 (cf. Xu et al., 2004 , Benson and Cole, 2008 , Bickle, 2009 ). The fate of injected CO2 depends on physiochemical interactions with reservoir mineral and fluid phases, which control the long-term stability of geologic carbon sequestration (GCS) reservoirs (Hitchon, 1996) . Geologic reservoirs in sedimentary rocks currently being considered for GCS contain complex assemblages of detrital and authigenic minerals, saline aqueous solutions, and variable amounts of liquid, gaseous, and solid hydrocarbons. Geochemical investigations into the fate of CO2 in these reservoirs have focused on three primary trapping mechanisms, including (1) capillary trapping of CO2 bubbles in constricted pores, (2) solubility trapping of CO2dissolved into the aqueous brine, and (3) carbonate mineralization, including magnesite, calcite, and siderite formation (Xu et al., 2004, Benson and Cole, 2008) . A fourth possible fate is conversion of CO2 to more reduced hydrocarbon or organic acid molecules via redox reactions. Carbon dioxide reduction to organic molecules can be catalyzed by Fe-oxide minerals such as magnetite (McCollom and Seewald, 2007, Luquot et al., 2012) , which are common in sedimentary formations. Extensive CO2 reduction in sedimentary reservoirs would affect the stability of detrital and authigenic Fe(II)-silicate and -sulfide minerals, which in turn could modify reservoir porosity, permeability, trace element release, and ultimately the fate of sequestered CO2.
Transition metal and metal oxide mineral surfaces are known to catalyze the reduction of inorganic carbon to more reduced hydrocarbon molecules and even to graphite. The most widely recognized mechanism of abiotic carbon reduction and hydrocarbon generation is known as Fischer-Tropsch synthesis (FTS), for which a general reaction can be written:
Gas-phase reduction of CO2 to form CO in reaction 1 is commonly catalyzed by magnetite (e.g., Grenoble and Estadt, 1981) :
Numerous experimental and computational efforts have been directed toward identifying and optimizing key FTS catalysis mechanisms on the surfaces of transition metals and metal oxides (Niemantsverdriet and van der Kraan, 1980 , Dictor and Bell, 1986 , Van Der Laan and Beenackers, 1999 , de Smit and Weckhuysen, 2008 , Gracia et al., 2009 , Huo et al., 2009 , Zhuo et al., 2009 , Marshall and Medlin, 2011 , Thüne et al., 2012 . Despite these efforts, the conditions under which FTS reactions can occur remain poorly constrained.
The abiotic synthesis of reduced carbon species including organic acids, hydrocarbons, and graphite has been inferred from multiple geologic settings such as meteorites (Schulte and Shock, 2004) , hydrothermal systems (Shock, 1990 , Shock, 1995 , Shock and Schulte, 1998 , Horita and Berndt, 1999 , McCollom and Seewald, 2006 , Fu et al., 2007 , Shock et al., 2013 , and Earth's mantle (McCollom and Seewald, 2001, Schulte et al., 2006) . Prior determinations of the thermodynamic stability of numerous organic molecules (Shock and Helgeson, 1990 , Schulte and Shock, 1993 , Shock, 1995 have enabled calculations of the chemical affinity of postulated abiotic organic synthesis reactions arising from fluid mixing in real hydrothermal systems (Shock and Canovas, 2010) . Several studies have attempted to duplicate the geochemical conditions leading to abiotic carbon reduction using hydrothermal reactors, producing carboxylic acids (Chen and Bahnemann, 2000, McCollom and Seewald, 2003a) , complex organic molecules (Williams et al., 2011) , and amorphous carbon associated with nanoparticulate magnetite (Luquot et al., 2012) . Both experiments and thermodynamic calculations have improved our understanding of the processes controlling abiotic transformations of organic matter. Such transformations are thought to be catalyzed by the surfaces of naturally occurring minerals, including clays and magnetite (Palmer and Drummond, 1986, Shock, 1995) . In fact, the magnetite surface is known to participate in other geochemically significant redox reactions, such as reduction of Cr(VI) in contaminated groundwater (Peterson et al., 1996) .
Studies of petroleum reservoirs suggest that redox reactions among inorganic carbon (IC) and organic carbon (OC) species likely control the redox environment of relatively low-T reservoirs (Helgeson et al., 1993) . Organic acid anions are a major constituent of oilfield brines (Kharaka et al., 1977) , and the assumption of metastable equilibrium among organic acids and IC species has been used in the past as an indicator of reservoir hydrogen fugacity (cf. Shock, 1988 , Helgeson et al., 1993 . Metastable equilibrium occurs when a subset of phases or species obtains chemical equilibrium but is not necessarily chemically equilibrated with other phases or species in the system.
In oilfield brines, the aqueous hydrogen activity is constrained by the metastable reaction between carbon dioxide and acetic acid (CH3COOH):
where "g" and "aq" denote gas and aqueous species, respectively, and "l" denotes the liquid solvent.
True equilibrium between aqueous CO2 and H2would result in the formation of methane, but methane equilibration with CO2is extremely slow, requiring >10 5 years at temperatures <300 °C (Giggenbach, 1987 , Shock, 1990 . The lowest temperature of isotopic equilibration between CH4 and CO2 in hydrothermal settings is 320 °C (Shock, 1990) , which is significantly higher than typical reservoirs considered for GCS. The activity of H2(aq), , can be determined from the equilibrium constant (K) for reaction 3, and the fugacity of CO2 and activity of acetic acid assuming unit activity of water:
We note that the activity and fugacity of hydrogen are among a number of thermodynamic variables that can be used to describe the redox environment and that are related by established equilibria between the liquid and gas or supercritical fluid phases. Helgeson et al. (1993) calculated the of oilfield waters as a function of temperature, assuming metastable equilibrium among IC and OC species. The authors found minimal deviation from the curve represented by Eq. (4), which was interpreted as evidence that the fluid hydrogen activity of natural geologic reservoirs is controlled by metastable equilibrium among organic and inorganic carbon species (Fig. 1) . We have plotted the temperature dependence of Eq. (4) in Fig. 1 assuming an aAc = 0.23 and an =10-4, which are non-unique values consistent with the range of organic acid concentrations observed in sedimentary petroleum reservoirs (Helgeson et al., 1993) .
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Download full-size image Helgeson et al., 1993) , with theoretical redox buffer curves including the quartz-fayalite-magnetite (QFM), daphnite-kaolinite-quartz-magnetite (DKQM), pyrite-pyrrhotite-magnetite (PPM), and hematite-magnetite (HM) mineral buffers plotted for reference. The thick dashed line indicates equilibrium between CO2 and acetic acid, calculated using Eq. (4) assuming acetic acid activity = 0.023 and (see text for details). The lower dashed lines indicate the thermodynamic equilibrium ratios of carbon dioxide to methane fugacities calculated for a given hydrogen activity and temperature. The DKQM and QFM buffers bracket a range of hydrogen activities expected to be relevant to GCS reservoirs.
In contrast, studies of high-T hydrothermal and metamorphic fluids suggest that mineral assemblages containing redox-active species such as Fe(II) may control the redox environment (cf. Shock, 1990) .
Equilibrium between the minerals quartz (qtz), fayalite (fa), and magnetite (mt) is often used to represent the theoretical redox conditions in basaltic hydrothermal systems (Haggerty, 1978) . This QFM assemblage constrains the activity of aqueous hydrogen through the oxidation of Fe(II) in fayalite to form mixed-valent magnetite, Most reservoirs currently targeted for GCS do not contain a significant fraction of the Fe(II)-bearing primary mineral fayalite, but many sedimentary reservoirs do contain detrital and/or diagenetic Fe(II)-bearing chlorite and smectite (Ryan and Reynolds, 1996 , Krevor et al., 2012 , Lu et al., 2012 . For example, chlorite is a significant component of the Tuscaloosa formation, which is the target reservoir for the Cranfield CO2 injection site in Mississippi, U.S.A. Complex chlorite/smectite clays are represented here by the Fe(II) end-member corresponding stoichiometrically to daphnite (Helgeson et al., 1978) , which is often referred to interchangeably as chamosite. In this case, the redox control can be described as equilibrium between daphnite (daph), and secondary kaolinite (kaol), quartz, and magnetite (i.e., DKQM). The DKQM assemblage produces H2 through the oxidation of Fe(II) in daphnite,
The production of hydrogen in both assemblages is associated with the oxidation of Fe(II) to Fe(III) to form magnetite and can be expressed as the net reaction (Mayhew et al., 2013) :
Equilibrium values of can be calculated from log(K) of reactions 5 and 6 at a given temperature and pressure, assuming unit activity of water and mineral phases and pure phase thermodynamic data reported in Helgeson et al. (1978) . A comparison of the theoretical equilibrium as a function of temperature for QFM, DKQM, and CO2-acetic acid is depicted in Fig. 1 and magnetite would yield a curve offset from the DKQM curve in Fig. 1 toward lower . Curves representing the common hydrothermal mineral buffer assemblages hematite-magnetite (HM) and pyrite-pyrrhotite-magnetite (PPM) are also shown in Fig. 1 for reference. The QFM and DKQM mineral assemblages (i.e., reactions 5 and 6) appear to bracket the range of redox conditions in natural sedimentary basins. The redox state in this range of is sufficiently reducing such that the CO2:CH4 ratio at thermodynamic equilibrium is much less than one, which indicates that CO2 reduction to organic species is thermodynamically favorable.
We performed both hydrothermal experiments and reaction path calculations to evaluate the shortterm (i.e., from injection to 10 3 year) and long-term (i.e., 10 3 -10 6 year) fate of CO2 during GCS.
Experiments were conducted in a hydrothermal reaction cell (Rosenbauer et al., 2005 , Johnson et al., 2014 to constrain the kinetics of CO2 conversion to acetic acid (i.e., reaction 3) at the relatively lowtemperatures and high-pressures associated with GCS reservoirs, and in the presence of a mineral known to catalyze CO2 reduction, nanoparticulate magnetite. Aqueous acetic acid concentrations were observed to increase during the experiments, and corresponding calculations of the chemical affinity of reaction 3 confirm that reduction of carbon dioxide to acetic acid was thermodynamically favorable under the experimental conditions. Results of these experiments support the conclusion that reduction of CO2 to organic acids, specifically acetic acid, occurs in the presence of magnetite.
Geochemical modeling was performed to evaluate the impact of CO2 reduction on both the short-and long-term fate of CO2 during GCS, using the rate constant for acetic acid formation from CO2 obtained experimentally. These calculations simulate the evolution of hypothetical reservoirs containing primary year) timescales, fluid re-equilibration with the solid mineral assemblage will allow for more extensive conversion of CO2 to organic carbon, leading to organic trapping. The mineralogic changes resulting from CO2 injection and reservoir mineral oxidation will in turn alter the reservoir and caprock properties and therefore the efficacy of CO2 storage. Oxidation-reduction reactions should be considered in comprehensive investigations assessing the evolution and fate of CO2 during GCS.
2. Methods
Hydrothermal experiments
Carbon dioxide reduction experiments were performed in a flexible gold-bag reaction cell housed in a steel pressure vessel containing water as the pressurizing fluid (Seyfried et al., 1987 , Rosenbauer et al., 2005 , Johnson et al., 2014 . Details of the apparatus can be found in Seyfried et al. (1979) , and the modifications required for high pressure CO2 injection are described in Rosenbauer et al.
( 2005) and Johnson et al. (2014) . Six experiments were completed in which a suspension of magnetite nanoparticles was sealed inside a gold bag reaction cell using a titanium head assembly and subsequently pressurized with CO2 (Table 1) . Briefly, CO2 was added to the gold bag using a high-pressure syringe pump. Prior to filling the headspace with CO2, the gold bag was flushed three times with CO2 at 40 bars to purge atmospheric O2. An aliquot of H2(g) was injected into the flushed headspace at 1 bar to ensure that the initial system would be close to redox equilibrium. The initial mole fraction of H2 was measured for all experiments except Exp. 6, and the values are reported in Table 1 . The bag was then filled to a PCO2 between 40 and 55 bars to obtain a PCO2 of ∼100 bars at temperature ( Table 2 ). The initial volume of the vessel was approximately 200 mL, and the initial volume of the aqueous suspension ranged from 55 to 153 mL. The compositions of both the aqueous and supercritical CO2 phases at the beginning of each experiment are listed in Table 1 . Care was taken to ensure that no catalytic surfaces were exposed in the reaction cell. A non-reactive TiO2 layer was formed on the surface of the Ti head by baking the entire gold bag assembly in air at 450 °C for several days prior to each experiment. This procedure also ensured the removal of contaminant carbon from the reaction cell. 
n.a. = not analyzed. During the experiments, the entire apparatus was allowed to rock continuously to ±180° to ensure a well-mixed fluid phase. Fluids were sampled periodically via a titanium capillary tube accessed through a high-pressure steel metering valve. The inlet to the capillary was fitted with a gold wire filter at the beginning of each experiment to prevent solids loss during sample collection. Fluids were collected in an airtight syringe triply purged with N2. Supercritical fluid samples were collected by opening the sample valve with the system upright, while aqueous samples were collected by opening the valve with the system inverted. Whole samples of the aqueous phase were immediately frozen after collection to inhibit biological activity. Samples of the supercritical CO2 phase were refrigerated to minimize H2 loss by diffusion. The final sample aliquot in each experiment was taken after cooling the system overnight. It was not possible to obtain reliable measurements of aqueous Fe speciation or total Fe concentration using this sampling technique, due to the abrupt decrease in PCO2 in the fluid capillary and the rapid oxidation of Fe in the syringe during sample collection. Future studies should develop techniques to precisely measure both the concentration and speciation of aqueous Fe.
In some experiments (i.e., 3 and 4), the internal pressure was allowed to decrease upon sampling, while in others (i.e., 1 and 6), the pressure was maintained by pumping additional water into the pressure fluid reservoir. Pressures and temperatures were recorded at every sampling, so PCO2 is known even in variable-P experiments (Table 2) . Temperatures were measured with a thermocouple inserted into the pressure fluid reservoir, and pressures were measured through a transducer connected to the same reservoir. The system temperature was regulated using a temperature controller linked to the thermocouple that controlled a heating coil embedded in the hydrothermal apparatus. The temperature variability during heating typically did not exceed ±10 °C.
However, instabilities in the thermocouple controller caused temperature shifts during Exp. 2, so it is not possible to determine the average T of this experiment. Experiment 2 is included in the analysis here despite T instability, because it provides an additional constraint on the relationship between PH2 and temperature. We estimate the uncertainties of the pressure and temperature measurements obtained at the time of sample collection to be ±2 bars and ±1 °C.
Magnetite synthesis
Magnetite nanoparticles were synthesized using the aqueous co-precipitationof Fe(II) and Fe(III) chloride salts (Morin et al., 2009 ). Briefly, 1 M solutions of Fe(II) and Fe(III) chloride salts dissolved in degassed, deionized 18 MΩ water were mixed at a 1:2 ratio in an anaerobic glovebox with a 5% H2, 95% N2 atmosphere. The pH of the fluid was raised to a value of 7.0 ± 0.1 through the addition of N2-purged 1 N NaOH solution. To minimize both Fe oxidation and carbon contamination, magnetite nanocrystals were freshly synthesized prior to each experiment. Initial suspension compositions used in each experiment are reported in Table 1 . The resulting suspension contained magnetite nanoparticles suspended in a ∼0.8 M NaCl brine. Although the entire suspension including both magnetite and brine was transferred as quickly as possible to the hydrothermal reactor apparatus, the setup procedure could take up to 6 h, during which time the suspension was exposed to air.
Synthesized magnetite nanoparticles were examined using an FEI Technai G2 F20 X-TWIN transmission electron microscope (TEM). The magnetite grains were approximately 40 nm in diameter and exhibited an octahedral morphology consistent with the exposure of the Fe3O4 (1 1 1) face. The estimated specific surface area of the dry solid is approximately 30 m 2 /g assuming a homogeneous particle size distribution. Powder X-ray diffraction(XRD) was performed on a Rigaku Xray Diffractometer, model number CM2029 using monochromated Cu Kα radiation at 2-theta values ranging between 10° and 70° to determine Fe-oxide mineralogy, and the results of both XRD and TEM are available in the Supplementary Materials.
Sample analysis
Several analyses were routinely performed on fluid and supercritical-phase samples. Aqueous fluid samples were analyzed using a Dionex DX500 ion chromatograph to identify and quantify organic acid anions in the aqueous phase. Organic acid anions in the mixed calibration solution included acetate, citrate, formate, glycolate, lactate, oxalate, and succinate, although only acetate, formate, and occasionally glycolate were detectable in our samples. Samples were introduced into the instrument via a 50 μL sample loop at a total flow rate of 1 mL/min. Acids were separated on a Dionex ICE-AS6 column, with a 0.8 mM heptafluorobutyric acid (HPFA) eluent diluted 1:1 with water.
All fluids were degassed for 30 min with N2 prior to use. A 5 mM tetra butyl ammonium hydroxide regenerant solution was used for the AMMS suppressor. Analytical uncertainties on the concentration of measured formic and acetic acids are approximately 10% relative standard deviation (RSD) based on replicate analyses of a standard. The detection limit for acetate was approximately 0.09 ppm (log[Ac] = −5.88) based on the lowest quantifiable value. It is possible that some amount of acetic acid partitioned into the sc-CO2 phase (Burant et al., 2013) , and as such our aqueous measurements may represent a minimum conversion rate.
Gases collected from the supercritical fluid phase were analyzed using gas chromatography (GC) to measure the concentration of hydrogen. Isothermal (30 °C) analyses were performed using headspace injections via a gas sample loop on an Agilent 6890 Series Gas Chromatograph with a pulse discharge detector. An Agilent J&W Molesieve-5A capillary column was used with a He carrier gas and a nominal flow rate of 1.5 mL/min. This column was used to remove carbon dioxide from the gas phase. Integration of peak areas was performed using Agilent ChemStation software. The hydrogen concentration was quantified based on a 4-point calibration curve ranging in concentration from 100 to 10,000 ppm H2. Uncertainties in individual analyses are reported as the error on a linear regression of the calibration curve, which equates to an analytical precision of ±66 ppm H2. This magnitude of uncertainty is considerably larger than the estimated standard error (s.e.) on replicate analyses of the standard. The maximum magnitude of uncertainties on H2 activity and fugacity were determined by propagating errors on pressure and hydrogen concentrations.
Carbon isotopes were measured to determine the fraction of total organic carbon (TOC) in the experimental fluids derived from the injected CO2. Selected samples were analyzed for TOC concentration and δ 13 CTOC using cavity ring-down spectroscopy (CRDS). Briefly, 12 mL sample aliquots were passed through Dionex OnGuard Ag ion exchange cartridges to extract Cl − , which interferes with the isotopic analyses. Chloride-free samples were then introduced into an OI Aurora 1030W iTOC interface to the CRDS via an auto-sampler, which purges total inorganic carbon through addition respectively based on replicate analyses of acetate at varied concentrations between 0.5 and 10 ppm TOC.
Experimental blanks
Three blank experiments were performed to ensure that no oxidation or reduction reactions occurred in the absence of the magnetite or in the absence of CO2. Details of the blank experiment initial conditions are listed in Table 1 . Two magnetite-and fluid-free blank experiments were performed in the presence of CO2 and molecular hydrogen. The measured H2concentrations in each experiment remained constant for 4 and 6 days, respectively (Appendix B, Table B .1). A third blank experiment was performed using Ar to purge the headspace over a freshly synthesized magnetite suspension. No organic acids were observed to form in this CO2-free experiment after 5 days (Appendix B, Table B .1), although this experiment did contain measurable TOC (Table 3) . 
Reagent blanks
Although no organic acid production was observed in the blank experiments, there was detectable organic carbon in the supernatant fluid from the magnetite synthesis. The form of this carbon is unknown. To account for contaminant carbon present in the reagents, we analyzed the blank TOC and carbon isotope composition of the synthesis reagents, including the CO2, FeCl2, NaOH, and the initial fluid prior to CO2 addition. The CO2 used for the experiments was strongly depleted in (Table 3) . We assume that the isotopic composition of the supernatant blank is representative of the isotopic composition of contaminant carbon in the experiment to determine the fraction of TOC formed from CO2.
Calculations
A series of thermodynamic calculations were performed to evaluate the redox state of the experimental fluids and to determine the thermodynamic potential for acetic acid formation from CO2.
Standard states adopted in this study are unit activity for pure minerals, unit activity of pure H2O, unit activity of aqueous species in a hypothetical one molal solution referenced to infinite dilution, and unit fugacity of pure gases at 1 bar and 25 °C. The fugacity of both CO2 and H2 at the elevated experimental pressures and temperatures were calculated to determine the aqueous hydrogen activity and corresponding thermodynamic affinity of acetic acid formation constrained by metastable equilibrium of reaction 3. Fugacity coefficients of CO2 and H2were calculated using a RedlichKwong equation of state for quantum and non-polar gas mixtures following Chueh and Prausnitz (1967) assuming a binary constant ki j of zero, and the supercritical phase mole fraction of CO2was calculated following Duan and Sun (2003) . Hydrogen activities were calculated from the equilibrium constant for the reaction:
where the equilibrium constant is related to the ratio of
The log(K) of reaction 8 appropriate to the temperature of interest was obtained from a seconddegree polynomial fit to the values of log(K) vs. T at 0, 25, 60, 100, 150, 200, 250, and 300 °C provided in the EQ3/6 thermodynamic database (Johnson et al., 2000) . The chemical affinity of reaction 3 for acetic acid formation via CO2 reduction was calculated as,
where K is the equilibrium constant for reaction 3 from Shock (1995), R is the ideal gas constant, T is temperature in Kelvin, and Q is the calculated activity product assuming unit activity of water. The assumption of unit water activity is justified, because in the range of experimental pressures and temperatures, the aqueous activity of water is always >0.96, which amounts to a maximum deviation in log(Q) of less than 5 × 10 −2
. Average acetic acid formation rates were calculated with a linear regression of the data, because the increase in acetic acid concentration was linear with time.
2.3. Reaction path modeling 2.3.1. Model description
We used the multicomponent reactive transport code Crunch Flow for reaction path calculations, with no transport specified (Steefel and Lasaga, 1994 , Steefel, 2001 , Steefel et al., 2014 . The primary and secondary species included in all reaction path calculations are listed in Table 4 , and the initial conditions of the solid and aqueous phases are listed in Table 4, Table 5respectively . Thermodynamic data for the aqueous species were compiled from the EQ3/6 database (Johnson et al., 2000) , from Shock and Koretsky (1993) for Na-acetate, and from Shock (1995) for the carboxylic acids.
Temperature was set to 100 °C in all calculations to facilitate comparison between the different scenarios. Porosity was fixed at 10% in all reaction paths, and the initial primary mineral abundances were chosen such that the Fe(II)-bearing silicate mineral phase was not entirely dissolved. The initial aqueous primary O2 concentration was assigned a value in equilibrium with the relevant mineral buffer assemblage (i.e., DKQM or QFM), and the initial aqueous HCO3 − was equilibrated with an initial acetic acid concentration of ∼10 −7 M (Table 5) . Reaction path results are cast in terms of and the activity of aqueous total organic carbon (aTOC), where the secondary aqueous H2 is assumed to be in equilibrium with the primary aqueous O2 species. We define the aqueous TOC activity (aTOC) as the sum of the activities of all aqueous OC species multiplied by their respective carbon numbers to quantify the total amount of CO2 reduced to organic species. Reaction path calculations were run with no flow into or out of the domain to model closed-system behavior. The mineral and aqueous reactions controlling the evolution of the solid and aqueous reaction path constituents are detailed in for QFM(S) at 100 bars total pressure and 100 °C. Kaolinite a "Total Ac" represents "total acetic acid," or the total concentration of secondary reduced carbon species cast in terms of the molar mass of acetic acid, which was used as a basis species in all reaction path calculations.
Primary Species QFM(S) DKQM(S)
Carbon dioxide injection was simulated by specifying a constant flux of CO2into the system starting from an initial equilibrated acetic acid concentration with PCO2=0.01bars at a constant total pressure of 100 bars. This was accomplished by creating a hypothetical phase that dissolved to release CO2(g) irreversibly and at a constant rate, where the release rate of CO2 was proportional to the assigned rate constant. To make direct comparisons between reaction path scenarios, 100 bars of CO2 (in the absence of reduction) was injected into the system in every calculation. The CO2 release rate was specified in all reaction path input files to be fast relative to the rates of both mineral dissolution and acetic acid formation, simulating rapid CO2 injection during GCS.
Aqueous reactions
The reaction path modeling approach assumes homogeneous equilibrium among all aqueous primary and secondary species listed in Table 4 , except for acetic acid, which is allowed to form from IC according to:
The rate of this reaction was determined from the results of the hydrothermal experiment conducted at ∼100 °C. Speciation of the OC was completed using acetic acid as a primary species in equilibrium with a suite of secondary OC species hypothesized to obtain metastable equilibrium with IC in petroleum reservoirs (Helgeson et al., 1993 ; Table 4 ). Organic species that are very slow to equilibrate (e.g., CH4) were excluded from the secondary species considered in these models.
Mineral dissolution and precipitation reactions
Given the mineralogic complexity of reservoirs considered for GCS, we consider two simplified model end-member mineral reactions in our analysis of the reservoir redox environment and the reduction of CO2:
(1) quartz-fayalite-magnetite (QFM) ± siderite (QFMS), and (2) chlorite/smectite Fe(II) end-member daphnite-kaolinite-quartz-magnetite (DKQM) ± siderite (DKQMS).
These end-members were chosen as hypothetical reaction buffers to model the apparent redox extremes of sedimentary reservoirs (Fig. 1) (Table 4 ). This assumption does not impact the final outcome of the simulations, because the evolution of the system is controlled primarily by the dissolution kinetics of the Fe(II)-bearing silicate phase. The specific surface area (SSA) of daphnite was set to 100 m 2 /g, and the SSA of fayalite was assumed to be a factor of 10 less.
Results

Experimental CO2 reduction by magnetite
A total of six hydrothermal experiments were performed to investigate the reactivity of CO2 under GCS-analog conditions. Experiment durations ranged from several days to weeks with continuous rocking of the hydrothermal apparatus. Aqueous fluid and supercritical-CO2 (sc-CO2) phases were routinely sampled to monitor the hydrogen fugacity of the system and to track the formation of organic species ( Table 2 ). The three most significant changes observed in every experiment were (1) the initial increase of PH2 up to 715 mbar, (2) the subsequent decrease of PH2, and (3) the synthesis of acetic acid up to 9.6 × 10 −5 M (Table 2) . Measured H2 concentrations were used to determine metastable equilibrium among carbon species, and time-resolved measurements of organic acid concentrations were used to explore the kinetics of abiotic CO2 reduction by magnetite.
Production and loss of hydrogen
The PH2 of gases sampled from the sc-CO2 phase evolved throughout the course of each experiment.
Results are summarized in Table 2 and graphically illustrated in Fig. 2a . With the exception of Exp. 5, the PH2 initially increased, followed by an extended period of reasonably constant PH2 that varied in duration among the different experiments. The observed increase in PH2 was due in part to the heating of the reactor with a fixed supercritical fluid phase volume, leading to a pressurization of the H2 injected during the experimental setup. In some cases, the mole fraction of H2 in the supercritical phase also increased substantially, indicating H2 production (i.e., Exp. 1, 3 and 4). The magnitude of increase in H2 mole fraction cannot be explained by changing CO2 or H2 solubility with pressurization and heating. We interpret H2 production to be the result of aqueous Fe(II) oxidation and subsequent precipitation of magnetite. Following the synthesis procedure, the composition of the aqueous phase was controlled by equilibrium between magnetite and the NaCl-rich fluid. The initial aqueous Fe(II) concentration was calculated using Crunch Flow, assuming fluid equilibrium with magnetite at the glovebox PH2 of 0.05 and the ambient laboratory temperature of 22 °C. According to these calculations, up to 50 mM Fe(II) was in the fluid phase in the H2-enriched glovebox environment.
Chemical speciation calculations indicate that with increasing temperature, this Fe(II)-rich aqueous solutionbecomes supersaturated with respect to magnetite leading to H2 production (i.e., reaction 7). The concentration of aqueous Fe is highly sensitive to both redox environment and pH, so it is possible that the variability in hydrogen production between experiments was caused by differences in time spent on the experimental setup, during which the suspension was exposed to air.
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Download full-size image Activities of H2(aq) computed from the analytical data in Table 2 are plotted as a function of experimental temperature in Fig. 3a , where it can be seen that hydrogen activities largely cluster near QFM at temperatures <100 °C, and largely between QFM and DKQM at higher temperatures. Only two measured values are more oxidizing than required by DKQM equilibrium (Fig. 3a) . Measured H2 partial pressures eventually decreased to very low values in most experiments indicating gradual oxidation of our experimental system (Fig. 2a) . The observed oxidation may be due the consumption of H2 during CO2 reduction or due to the loss of H2 during sampling. Although we cannot determine the primary cause of the H2 loss with certainty, a fraction of the H2may have been consumed by CO2 reduction, for example, reaction 3; however, measured acetic acid concentrations can only account for a small fraction (up to about 10%) of the H2 loss on a per mole basis. Complete oxidation of magnetite to Fe(III)-oxide/hydroxide was only observed in Exp. 2, which was allowed to run for an extended period time following the drawdown of hydrogen. In this case, the final experimentally produced mineral phases were identified using XRD to be a mixture of goethite and hematite(Supplementary Materials, Fig. S.2 ).
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Download full-size image illustrates the approximate temperature at which acetic acid could equilibrate with CO2 in experiments with consistent with QFM buffering on timescales of days to weeks, around 300 °C.
Organic acid synthesis
Formation of organic acids was observed in every experiment containing CO2 (Fig. 2b) , while no organic acids were observed to form during a blank experiment containing the magnetite suspension with an inert Ar headspace (Appendix B, Table B .1). The production of organic acids has been previously detected in the presence of CO2 and magnetite across a range of temperatures representative of hydrothermal systems (125-350 °C; Chen and Bahnemann, 2000, McCollom and Seewald, 2003a) . Here, we observe organic acid formation at slightly lower temperatures (∼100 °C) compared to previous studies. The dominant species formed was acetic acid (1.4 × 10 Table 2 . These analyses did not include measurements of alkanes or other hydrocarbons, so we cannot rule them out as potential products.
The carbon isotopic composition of total organic carbon was measured periodically during Exp. 6 to determine the relative proportion of TOC formed from the CO2 initially injected into each experiment (Table 3) . High concentrations of organic acids in petroleum reservoirs are commonly attributed to thermal degradation reactions, where complex organic molecules are broken down into shorter chain organic molecules, including methane and carboxylic acids (Carothers and Karaka, 1978 , Bell et al., 1994 , Knauss et al., 1997 . Given the possibility of generating organic acids from organic matter, it is necessary to trace the source of carbon incorporated into the dissolved OC using C isotopes. We calculated the fraction of synthesized OC formed from the 13 C-depleted CO2 assuming the blank organic δ 13 CVPDB composition was identical to the supernatant blank of −17.57‰ (Table 3) .
After 1 and 2 weeks of the experiment respectively, we calculate that 29% and 37% of the OC was derived from the CO2 (Table 3) .
Only three samples from Exp. 6 were taken, because large volumes of fluid (>9 mL) were required to make these isotopic analyses, and the total volume of the reaction cell is limited. We infer that the isotopic results from the other experiments (i.e., Exp. 1 through 5) would be similar, but no samples of sufficient size were collected from these experiments for determination of δ 13 CVPDB. In addition, these analyses are not compound-specific, so the amount of acetic acid formed directly from the 13 Cdepleted CO2 was not directly quantified. It is possible that the measured organic acids formed entirely from CO2 reduction but that their contribution to the total isotopic signature is obscured by the initial blank OC. Collectively, these experimental results demonstrate that CO2 is incorporated into OC species, and that acetic acid can be formed from inorganic carbon in the presence of a mineral such as magnetite.
Discussion
The results of hydrothermal experiments indicate that reactions among IC and OC species are kinetically accessible in systems with pressure, temperature, and PCO2 values typical of GCS. In the following section, we evaluate the thermodynamic driving force for acetic acid formation under GCS conditions, and we use our experimental results to determine the rate constant and activation energy of acetic acid formation. We then apply these kinetic results in a series of reaction path scenarios to evaluate the impact of CO2 reduction on mineral stability and on the long-term fate of CO2 during GCS. 4.1. Thermodynamic and kinetic constraints on H2 and organic acid dynamics To understand the driving force for both hydrogen and acetic acid production, we performed a series of thermodynamic calculations based on the measured experimental aqueous and supercritical phase compositions. Aqueous H2 concentrations were strongly controlled by temperature, while acetic acid concentrations had a linear dependence on time.
Thermodynamic evaluation of experimental results
The chemical affinity of reaction 3 for acetic acid production under our experimental conditions are reported in Table 2 to indicate the thermodynamic potential for CO2 reduction to acetic acid.
Calculated reaction affinities are significantly greater than required for equilibrium, with most values between ∼500 and 1000 kcal/mol at temperatures >170 °C, indicating the strong thermodynamic potential for acetic acid formation from IC. The expected activity of acetic acid at equilibrium at equilibrium with the QFM and DKQM buffer assemblages was estimated according to Eq. (4), and measured acetic acid concentrations were less than the calculated buffer values as illustrated in Fig.   3b . The acetic acid concentration was only observed to decrease after an initial increase in Exp. 2, but the magnitude of the decrease is within experimental uncertainty. There was also a time lag between the onset of decreasing PH2 and the onset of decreasing acetic acid production rate in the experiments. Acetic acid concentrations were never observed to decrease prior to H2 loss.
Kinetics of organic acid synthesis
The experimental results presented above suggest that organic acids, primarily acetic acid, formed from CO2 and H2 when a reactive mineral (magnetite) was present. To investigate the kinetics of CO2 reduction in the presence of magnetite, and to further assess the extent to which magnetite catalyzed the conversion of CO2, experiments were performed at several different temperatures from 100-215 °C. As illustrated in Fig. 2b , the measured acetic acid concentration is a linear function of the duration of the experiment, suggesting zeroth-order reaction kinetics independent of the calculated chemical affinity and reactive surface area. Zeroth-order reaction kinetics may arise if the reactant binds strongly to the promoting mineral surface. Although it is not possible for us to rule out several different pathways for the formation of acetic acid in these experiments, the zeroth-order rate dependence is similar to the kinetic behavior of acetic acid decomposition via thermal decarboxylation in the presence of magnetite (Palmer and Drummond, 1986) and to the dehydrogenation of gasphase formic acid on magnetite (Mars et al., 1963) . Other studies observed first-order decarboxylation and oxidation kinetics of acetic acid, acetate, formic acid, and formate in the presence of magnetite (McCollom and Seewald, 2003a, McCollom and Seewald, 2003b) .
The acetic acid concentrations depicted in Fig. 2b were used to calculate the rate of acetic acid formation as a function of temperature (Table 6 ). Acetic acid formation accelerated with increasing T (Fig. 2b) . Faster acetic acid formation was also associated with a relatively rapid decline in PH2 (Fig. 2a) . Although we do not fully understand the processes controlling H2consumption in these experiments, the increase in the rate of H2consumption with increasing temperature suggests that this process was thermally activated. The eventual oxidation of the experimental systems could be associated with the reduction of CO2, although H2 removal during sampling could also account for the observed changes. Table 6 . Acetic acid formation rates observed in the GCS-analog reaction cell experiments. Acetic acid is abbreviated as "Ac". The temperature dependence of acetic acid formation kinetics is consistent with an Arrhenius-type rate dependence. Assuming a quasi zeroth-order reaction rate term, the rate coefficient (k) is equivalent to the slope of acetic acid concentration as a function of time. The apparent activation energy (Ea) was calculated from the slope of log(k) vs. the inverse of average experimental temperature (Fig. 4) . Error in the calculated Ea was determined by linear regression of the data using ±10 °C uncertainty in temperature and the 2 standard deviation (s.d.) error in k calculated for each experiment (Table 6 ). The calculated Ea for acetic acid formation is 47 ± 16 kJ/mol (2 s.d.), which is greater than the activation energy for acetic acid formation during hydrous pyrolysis of oil shale (22.72 kJ/mol; Barth et al., 1989) .
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Download full-size image Fig. 4 . Arrhenius-type plot of zeroth-order rate coefficients for acetic acid formation. The acetic acid formation rates are linear with respect to inverse temperature. The slope of these data is consistent with an activation energy for acetic acid formation of ∼47 kJ/mol. This activation energy barrier is about a factor of 2 greater than previously published activation energies for acetic acid formation through hydrous pyrolysis in shale. Temperatures fluctuated significantly in Exp. 2, so the acetic acid formation rate from this experiment is not included in the analysis.
Theoretical analysis of the effect of CO2 on reservoir redox environments
We present a series of hypothetical reaction path calculations to explore the impacts of CO2 reduction on the stability of reservoir mineral constituents and the reactivity of CO2 during GCS. These calculations are based on the assumption that carbon can undergo redox reactions in certain reservoirs on timescales comparable to the rates determined experimentally here. The measured activation energy of acetic acid formation from CO2 in the presence of magnetite is sufficiently low to allow for measurable conversion, even at the temperatures typical of sedimentary reservoirs proposed for GCS. The acetic acid formation rate used in these calculations was 0.77 M day −1 from Exp. 3, which was conducted at an average temperature of 110.9 °C (Table 6 ). In these reaction path calculations, we assume that the solid phase consists of two Fe(II)-bearing mineral assemblages, QFM and DKQM. These are hypothetical assemblages that were chosen because they bracket the range of inferred for real sedimentary basins (i.e., Fig. 1 ). Two additional calculations were performed in which siderite was allowed to form. The redox activity of sulfur and complex organic compounds such as kerogen are not discussed here, but are likely to play a role in redox conditions within petroleum reservoirs.
The effects of introducing the same amount of CO2 into reservoirs buffered by DKQM and QFM are illustrated in Fig. 5a and b, respectively. Over the course of both reaction paths, the injection of CO2 leads to extensive conversion of CO2 to OC. In the hypothetical QFM and DKQM reservoir buffering scenarios, 2026 and 1032 moles of CO2 are reduced per cubic meter of fayalite and daphnite reacted, respectively. This equates to more than 0.04 moles of CO2reduced to OC per mole of Fe(II) in the primary silicate phase. These trapping rates are on par with the carbon sequestration potential attributed to mineral carbonation in saline aquifers (cf. Xu et al., 2012) . The results of these reaction path calculations can be clarified by considering the two main reactions: reaction 3 consumes H2 while reducing CO2 to acetic acid and reaction 7 produces H2 by oxidizing Fe(II) to form magnetite. In stage (2), H2 consumption by CO2 proceeds more quickly than H2 production during Fe(II)-silicate oxidation ( Fig. 5a and b) . The reduction of CO2 ceases when IC and OC are equilibrated with the mineral assemblage. Equilibrium among IC and OC species and among solid mineral phases is not mutually exclusive but occurs on very different timescales. Thus, the eventual re-equilibration of silicate minerals with will likely be limited by the slow kinetics of primary mineral dissolution in GCS reservoirs.
In the reaction path scenarios discussed above, consumption of CO2 was limited to the formation of organic molecules. However, siderite precipitation is also thermodynamically favorable directly following CO2 injection into both assemblages and is likely an alternate reaction pathway in competition with CO2 reduction. The oxidation of Fe(II) to Fe(III) is coupled to the reduction of CO2 to organic molecules, so siderite precipitation will reduce the availability of Fe(II) and limit organic molecule formation. In a final set of reaction path calculations, siderite was allowed to form in both mineral-buffered assemblages (i.e., DKQMS and QFMS). Siderite precipitation initially decreases both the and TOC content of both systems. However, equilibration among the solid phases causes the eventual conversion of a fraction of the precipitated siderite to magnetite, leading to CO2 reduction and an eventual return to the initial . Addition of siderite to the DKQM reaction path significantly reduces the final total organic carbon concentration from log(TOC) = −0.81 to log(TOC) = −5.52. In the QFM reaction path calculation with siderite, all of the siderite is eventually converted to magnetite, yielding an identical final TOC once the IC and OC species have equilibrated with the mineral assemblage. Thus, we conclude that siderite formation will not reduce the long-timescale extent of CO2 trapping by reduction in fayalite-rich (e.g., basaltic and ultramafic) GCS reservoirs but may provide a barrier to CO2 reduction in sequestration reservoirs containing more oxidized primary mineral assemblages.
Natural sedimentary reservoirs are inherently complex multi-component systems for which innumerable reaction pathways can be constructed depending on the suite of reactions that are allowed to occur over timescales and under the conditions considered reasonable by the modeler. In the absence of any a priori knowledge of reaction kinetics for all of the possible phases that can form along a given metastable reaction path, it is necessary to seek constraints from natural geologic reservoirs. Acetic acid and higher carbon number organic acids are ubiquitous in relatively low-T, organic-rich oil and gas formations, and as discussed above, the relative concentrations of these species are consistent with metastable equilibrium among IC and OC in geologic reservoirs. As such, we consider the formation of these species to be both reasonable and likely outcomes of CO2 injection into sedimentary basins in which CO2 reduction is thermodynamically favorable. The trapping of CO2 by reduction in natural geologic reservoirs, which are intrinsically open systems, will likely be favored at higher temperatures where both primary mineral dissolution and CO2 reduction kinetics are accelerated.
Mineralogic transformations predicted to occur as a result of reservoir oxidation by CO2 have been observed at the Ladbroke-Katnook Reservoir, which is a natural analog for CO2 sequestration in chlorite-bearing geologic reservoirs (Watson et al., 2004) . In this system, reservoir rocks were exposed to magmatic CO2 in some places and remained pristine in others, facilitating an analysis of the effects of CO2 exposure over geologic timescales. The relatively large fraction of chloritic minerals contained in the pristine reservoir rock (∼5% to 7%) was significantly diminished (<2%) in the rocks exposed to CO2 and replaced by Mg-and Fe-carbonates, clays, and quartz. This suite of transformations is qualitatively consistent with crossing from chlorite(represented in our model by the end-member daphnite) stability into the quartz-kaolinite-magnetite-siderite stability field (see Fig. 1 ), although no Fe-oxide mineral phases were detected during characterization by XRD (Watson et al., 2004) . Such transformations would be expected if CO2 addition led to reservoir oxidation, prior to the re-equilibration of the solid mineral assemblage. Aqueous organic acid concentrations were not reported in this study, so it is not possible to evaluate the chemical affinity of acetic acid formation in the reservoir. In future, measurement of aqueous organic acid concentrations and isotopic compositions in similar GCS-analog systems would provide further constraints on the likelihood and extent of CO2 trapping by reduction.
Enhancing trapping with CO2 reduction
The goal of GCS is the long-term storage of CO2 in the subsurface. In the short term, appropriate reservoir engineering strategies must be implemented to optimize the volume of CO2 stored in a given reservoir as well as the mitigation of volumetric leakage along preexisting well bores and fractures. In contrast, the long-term fate of CO2 in the subsurface will be dictated by the chemical reactivity of the CO2 phase with the reservoir minerals. Selection of target reservoirs must be performed with a view to enhancing the long-term stability of the storage site.
According to the results of our experiments, the abiotic reduction of CO2 to acetic acid on the surfaces of nanoparticulate magnetite is kinetically accessible and thermodynamically favorable under GCS conditions. Assuming an equilibrium acetic acid concentration of approximately 10 −3.8 M for a DKQMbuffered reservoir (Fig. 3b) and an acetic acid formation rate of ∼20 μM day −1 (Table 6 ), the equilibration of acetic acid with CO2 can occur within a month at around 200 °C. This formation rate may not be directly transferrable to acetic acid formation in natural reservoirs, because the surface properties and reactivity of natural magnetite may differ from those of the freshly synthesized magnetite used in these experiments. However, experimental studies in which CO2 was reacted with the chamosite-rich Ladbroke Grove sandstone resulted in the precipitation of a nanoparticulate Feoxide thought to be magnetite (Luquot et al., 2012) , similar to the material used to catalyze CO2 reduction here. Reduction of CO2 to acetic acid can also be promoted by other biologicallymediated processes (Ohtomo et al., 2013) . In general, laboratory-derived reaction rates can differ from field-derived rates by orders of magnitude (cf. Appelo and Postma, 2005, Mohd Amin et al., 2014) , so additional kinetic constraints for the formation of acetic acid and other kinetically accessible organic species (cf. Table 4) should be sought from GCS-analog and pilot reservoirs.
Both carbon reduction and reservoir mineral oxidation will likely enhance the long-term stability of stored CO2. Extensive dissolution and precipitation reactions can lead to volumetric increases in the mineral phases, which will occlude pore spaces and decrease overall reservoir permeability. In addition, the reduced carbon species that are formed from CO2 will be less prone to volumetric leakage, because they are either more soluble or have a higher interfacial tension with the aqueous phase. A significant increase in the concentration of organic acids resulting from CO2 reduction could also enhance ligand-promoted dissolution of the primary silicate minerals (e.g., Stillings et al., 1996 , Drever and Stillings, 1997 , Ganor et al., 2009 , Shao et al., 2011 , Lawrence et al., 2014 etc.) , which could in turn accelerate both carbonate mineralization and carbon reduction through mobilization of redox active-metals. Sorption of organic acids at mineral surfaces provides an additional stabilization mechanism for the injected carbon (Johnson et al., 2004 , Ganor et al., 2009 , Lawrence et al., 2014 . Storage of CO2 in ultramafic rocks that contain abundant Fe(II) silicates and oxides has also been discussed as a strategy for enhancing carbonate mineralization (Kelemen and Hirth, 2012) , but systems rich in fayalite will also favor CO2 trapping by reduction. Volumetric increases in mineral phases associated with the conversion of primary silicates to secondary minerals during carbon reduction in these formations may further promote the fracturing of the massive ultramafic rock (e.g., Kelemen and Matter, 2008) , enhancing CO2 permeability. Thus, reservoirs containing mineral assemblages expected to undergo major post-injection shifts in (i.e., those containing Fe(II)-silicates and sulfide minerals) could be considered favorable candidates for GCS.
Conclusion
The reduction of CO2 is thermodynamically favorable in geologic reservoirs containing reducing mineral assemblages that are currently being considered for GCS. The surfaces of Fe(II)-oxide and -silicate minerals are known to facilitate redox reactions involving both carbon and other contaminant species. In this study, we demonstrated that magnetite suspended in an Fe(II)-bearing NaCl brine can promote the abiotic reduction of CO2 to acetic acid. The activation energy for acetic acid formation determined experimentally is consistent with field observations of metastable equilibrium between IC and OC that require IC reduction to be kinetically accessible.
The stable long-term storage of CO2 during GCS can be enhanced by selecting reservoirs containing abundant Fe(II)-silicate minerals. Based on reaction path calculations completed using the measured acetic acid formation kinetics, CO2 reduction to organic species could provide a trapping capacity similar in magnitude to that of mineral carbonation. The redox activity of CO2 in the subsurface is a potentially important component of GCS reservoir geochemistry that could significantly affect the evolution and long-term fate of CO2 storage reservoirs.
completed by fitting a fourth-order polynomial curve to measured δ 13 C (‰) as a function of carbon concentration (Fig. A.1) . Fitted parameters are listed in Table A. 1. This correction was applied to all samples with measured carbon concentrations less than 5.0 ppm, because the polynomial fit only applies to these concentrations. The second correction was applied by assuming mixing between cartridge-derived carbon with an isotopic composition of δ 13 C = −24.667‰ (Table 3 ) and a concentration of 1.01 ppm in the cartridge effluent. A constant concentration of cartridge-derived carbon was assumed, because the same volume of sample was passed through the same number of cartridges for every analysis where cartridges were used.
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